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Structure of Ero1p, Source of Disulfide Bonds
for Oxidative Protein Folding in the Cell
with the aid of a bound flavin adenine dinucleotide (FAD)
cofactor (Tu et al., 2000; Tu and Weissman, 2002). How-
ever, the biochemical mechanism by which Ero1p uses
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FAD to catalyze disulfide bond formation and how disul-Weizmann Institute of Science
fide bonds are relayed to proteins such as PDI areRehovot 76100
poorly understood.Israel
Insight into mechanisms of disulfide-forming enzymes2 Department of Biology
has come from studies of the Erv/ALR and quiescin/Massachusetts Institute of Technology
sulfhydryl oxidase (QSOX) protein families of FAD-Cambridge, Massachusetts 02139
dependent oxidases, which catalyze the following reac-
tion: 2R  SH  O2 ↔ R  S  S  R  H2O2 (Hoober et
al., 1996; Hoober and Thorpe, 1999). Erv/ALR modules,Summary
which can be found as single-domain proteins or fused
to thioredoxin-like domains in the QSOX enzymes (Cop-The flavoenzyme Ero1p produces disulfide bonds for
pock et al., 1998), are found in a wide variety of proteinsoxidative protein folding in the endoplasmic reticulum.
targeted to different subcellular compartments and spe-Disulfides generated de novo within Ero1p are trans-
cific oxidation reactions (Hoober et al., 1996; Becher etferred to protein disulfide isomerase and then to sub-
al., 1999; Senkevich et al., 2000; Gerber et al., 2001;strate proteins by dithiol-disulfide exchange reactions.
Sevier and Kaiser, 2002). Erv2p, a member of this family,Despite this key role of Ero1p, little is known about
resides in the yeast ER and generates a minor fractionthe mechanism by which this enzyme catalyzes thiol
of the disulfide bonds in that compartment (Sevier et al.,oxidation. Here, we present the X-ray crystallographic
2001). Recently, we determined the three-dimensionalstructure of Ero1p, which reveals the molecular details
structure of Erv2p by X-ray crystallography (Gross etof the catalytic center, the role of a CXXCXXC motif,
al., 2002). The highly helical Erv2p represents a newand the spatial relationship between functionally sig-
class of FAD binding fold and differs from the mixednificant cysteines and the bound cofactor. Remark-
/ structures of the thioredoxin-like oxidoreductases.ably, the Ero1p active site closely resembles that of
Although the normal biological function of Erv2p in thethe versatile thiol oxidase module of Erv2p, a protein
ER is not known, overexpressed Erv2p can transfer di-with no sequence homology to Ero1p. Furthermore,
sulfide bonds to PDI, presumably the reaction throughboth Ero1p and Erv2p display essential dicysteine mo-
which high levels of Erv2p can bypass the need fortifs on mobile polypeptide segments, suggesting that
Ero1p (Sevier et al., 2001).shuttling electrons to a rigid active site using a flexible
The DsbB protein of prokaryotes, which performs es-strand is a fundamental feature of disulfide-generat-
sentially the same function as Ero1p but within the bac-ing flavoenzymes.
terial periplasm, uses the oxidizing potential of quinones
derived from the respiratory chain to oxidize the thiore-Introduction
doxin-like periplasmic protein DsbA, which in turn pas-
ses disulfide bonds to folding proteins within the per-Many proteins that pass through or reside in the eukary-
iplasm (Bader et al., 1999). In contrast to Ero1p andotic cell secretory pathway undergo disulfide bond for-
Erv2p, which are only peripherally associated with themation as a posttranslational modification. Disulfide
membrane of the ER, DsbB contains four membrane-
bonds, which stabilize proteins by reducing the configu-
spanning segments (Collet and Bardwell, 2002). This
rational entropy of their unfolded states (Pace et al.,
difference in localization likely reflects the fact that, in
1988) and permit redox control of protein activity (Linke eukaryotic cells, respiration and oxidative protein fold-
and Jakob, 2003), are introduced by dithiol-disulfide ex- ing occur in different organelles, precluding the direct
change reactions into proteins as they fold within the link between these redox processes that exists in pro-
lumen of the endoplasmic reticulum (ER). The major karyotes. In any case, the physical/chemical mechanism
pathway for protein disulfide bond formation begins with for de novo disulfide bond formation in DsbB is also
the enzyme Ero1p, a luminal ER glycoprotein that was poorly understood, and the structure of DsbB has not
first identified in yeast by mutants defective for protein yet been determined.
disulfide bond formation (Frand and Kaiser, 1998; Pol- The importance of disulfide bonding in protein folding
lard et al., 1998; reviewed in Tu and Weissman, 2004). and the fundamental role of Ero1p in the eukaryotic
Ero1p oxidizes the active site CXXC motifs of protein secretory pathway prompted us to explore the structural
disulfide isomerase (PDI) (Frand and Kaiser, 1999). PDI, basis for the activity of this enzyme. In particular, we
an ER-resident member of the thioredoxin fold family, aimed to determine the relationship between character-
in turn can introduce disulfide bonds into substrate pro- istic elements of Ero1p, namely the bound flavin, the
teins (reviewed in Noiva, 1999). Ero1p, as the source conserved CXXCXXC motif (Benham et al., 2000), and
of disulfide bonds in this pathway, can use molecular an additional dicysteine motif that accepts electrons
oxygen as a terminal electron acceptor and functions from PDI (Frand and Kaiser, 2000). Furthermore, we
sought to make a structural comparison between the
large, highly conserved, essential ER flavoenzyme Ero1p*Correspondence: deborah.fass@weizmann.ac.il
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Figure 1. Ero1p Sequence, Secondary Structure, and Disulfide Connectivity
The crystallized fragment Ero1p-c, highlighted in black, is shown within the complete amino acid sequence of S. cerevisiae Ero1p. Below the
sequence, cylinders represent  helices and arrows  sheets. Yellow balls above or below the sequence highlight cysteine residues, and
dotted lines indicate disulfide bond connectivity.
and the small, versatile thiol oxidase module present to produce a version called Ero1p-c (Figure 1), which
begins at F56, ends at L424, and contains all of the highlyin Erv2p.
conserved regions of the Ero1p amino acid sequence.
We tested the activity of a nonalkylated version ofResults and Discussion
Ero1p-c by monitoring consumption of oxygen in the
presence of thiol reagents and the catalytic reductionEro1p Expression, Activity Assays,
and Crystallization of FAD. Oxygen consumption was measured using a
Clark-type oxygen electrode after an addition of 12.5Variants of the S. cerevisiae (Sc) Ero1p enzyme were
expressed in the gor/trx-deficient E. coli strain Origami mM dithiothreitol (DTT) to an air-saturated solution at
room temperature (250 M O2). In the absence of ex-B(DE3)pLysS (Novagen), which facilitates correct disul-
fide bond formation of cysteine-rich proteins in the bac- cess FAD in solution, oxygen consumption by Ero1p-c
was slow (Figure 2A), but the rate was increased sub-terial cytoplasm. To guide design of the expression plas-
mids, sequence conservation among Sc Ero1p and stantially by adding 100 M FAD, a phenomenon pre-
viously observed with the full-length enzyme purifiedorthologous enzymes was analyzed using the T-COF-
FEE program (Notredame et al., 2000). The carboxy- from yeast (Tu and Weissman, 2002). A negligible
amount of oxygen was consumed by a nonenzymaticterminal 130 residues of Sc Ero1p are not conserved
among fungi and are entirely absent from the enzymes reaction. For comparison, oxygen consumption by Erv2p
measured under similar conditions is shown (Figure 2A).of higher organisms (Cabibbo et al., 2000). Conse-
quently, we did not include this segment or the hy- DTT reduction of FAD in the presence and absence of
Ero1p-c was compared by monitoring absorbance atdrophobic N-terminal signal sequence in our protein
expression constructs, which initially spanned the se- 452 nm, a wavelength at which oxidized flavin (FAD)
absorbs strongly but reduced flavin (FADH2) does notquence from T19 to L424 (Figure 1). This construct con-
tains 13 cysteine residues, so we alkylated the protein (Hoober et al., 1996). Ero1p-c catalyzed reduction of
bound FAD (Figure 2B). The time lag between additionwith N-ethylmaleimide during purification to prevent co-
valent dimerization via any cysteines not participating of DTT and the resultant reduction of the FAD apparently
reflects the time required for Ero1p-c to consume thein intramolecular disulfide bonds. Our first crystallization
attempts yielded nondiffracting or nonreproducible crys- oxygen in the cuvette. Once the enzyme bound FAD has
been reduced, bubbling air into the cuvette will reoxidizetals. Data from the secondary structure prediction pro-
grams SSPNAC and NNSSP (Salamov and Solovyev, the cofactor (data not shown). Interestingly, Ero1p-c
also catalyzed reduction of excess FAD added to the1995) and limited proteolysis (our unpublished data)
prompted us to shorten the construct at the N terminus solution at a higher concentration (12 M) than that of
Structure of Ero1p
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Figure 2. Ero1p-c Catalyzes Oxygen Con-
sumption Coupled to Thiol Oxidation
(A) Oxygen consumption during DTT oxida-
tion by Ero1p-c and Erv2p. Assays were con-
ducted in a sealed chamber starting with air-
saturated buffer containing 1 M enzyme.
DTT was added to 12.5 mM. The Ero1p 
FAD sample was supplemented with 100 M
FAD. The control sample (FAD) contains 100
M FAD but no enzyme. (B) Ero1p-c catalyzes
transfer of electrons from thiol reagents to
oxygen via FAD. Samples containing 5 M
Ero1p-c (open circles) or 5 M Ero1p-c with
12 M additional FAD (closed circles) were
incubated with 12.5 mM DTT, and the ab-
sorbance of FAD at 452 nm was monitored
as a function of time. After 3 min, the FAD
became reduced to FADH2. The lag presum-
ably corresponds to the time required for the
reaction to consume the O2 in solution. In
contrast, no change in absorbance was de-
tected for free FAD at17M (open squares)
over the course of the experiment.
the FAD bound to the enzyme (5 M) (Figure 2B). The 2.8 A˚ and 2.2 A˚, respectively (Table 1). Crystallographic
phases were obtained for the hexagonal form by multipleability of the flavoenzyme to reduce an excess of free
FAD indicates that either free FAD can readily exchange isomorphous replacement and improved with density
modification. The orthorhombic crystal form was phasedwith enzyme bound FADH2 or that electrons from FADH2
bound to the enzyme can be transferred to FAD in solu- by molecular replacement using an initial model from
the hexagonal form.tion. We favor the latter possibility because (1) as dis-
cussed below, FAD appears to be buried deeply in the
Ero1p-c structure; (2) equilibrium dialysis experiments Structure of Ero1p
Ero1p-c is highly helical (Figures 1 and 3A), and the entire(data not shown) reveal that flavin binds tenaciously to
the enzyme in either the FAD or FADH2 states; and (3) chain forms a single domain with the N- and C-terminal
helices (1 and 10) packed against one another (FigureEro1p-c can readily reduce a variety of flavins, including
FMN and riboflavin, that are unlikely to be able to be 3B). The100 residues after helix 1 form two extended
loops that are poor in secondary structure and drapeincorporated into the enzyme (data not shown). A prece-
dent for this type of redox pathway is a bacterial NADH over the face of the domain distal from the chain termini.
The loops meet in the middle to form a short three-oxidase that uses free FAD in preference to oxygen as
an electron acceptor (Niimura et al., 2000). Such a trans- stranded  sheet. The inherent flexibility of the loop face
of Ero1p-c is reflected by poor or absent electron densityfer to free FAD could be the mechanism for Ero1p oxida-
tion under anaerobic conditions. In the absence of free in some regions and by conformations that differ be-
tween the two crystal forms. Following the loops, theFAD, the flavin bound to the recombinant protein Ero1p-
c is in the oxidized state as long as both substrates, region from K194 to the end of the chain forms the bulk
of the helical bundle that constitutes the core structuralthiol-reducing agent and oxygen, are present, implying
that the rate-limiting step in the redox cycle for Ero1p- framework of the protein. The fold of Ero1p is unique
to date. No structural neighbors were found using thec is the reduction of Ero1p-c by DTT and not the reoxida-
tion of Ero1p-c. Together, these functional studies indi- VAST protein structure comparison search tool (Gibrat
et al., 1996).cate that the variant of Ero1p prepared for crystallization
is competent to catalyze transfer of electrons from thiol In our crystal structures, the disulfide connectivity of
Ero1p is as follows: C90 bonds with C349, C100 withsubstrates, through FAD, to molecular oxygen.
Ero1p-c readily crystallizes in two forms, primitive C105, C143 with C166, C150 with C295, and C352 with
C355 (Figure 3C). C208 is unpaired and modified byhexagonal and centered orthorhombic, which diffract to
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Table 1. Data Collection, Phasing, and Refinement Statistics
Data Collection Statistics
Crystal C2221 native P62 native P62 SeMet P62 Cd2 P62 Hg2
Unit cell parameters (A˚) 73.5  134.4  102.7 106.2  106.2  124.3
Resolution (A˚) 50.0  2.2 50.0  2.8 50.0  3.0 50.0  3.0 50.0  3.5
Completeness (%)a 98.5 (99.9) 99.5 (99.2) 99.3 (98.8) 98.5 (100.0) 99.9 (99.7)
Redundancya 6.8 (6.2) 7.5 (7.5) 6.4 (6.3) 10.2 (10.5) 5.8 (5.9)
Rsyma,b 0.067 (0.554) 0.064 (0.420) 0.059 (0.296) 0.081 (0.454) 0.112 (0.263)
I/a 16.0 (3.5) 19.2 (3.6) 19.0 (7.4) 19.6 (4.8) 17.2 (7.1)
MIR Phasing Statistics
Risoc,d 0.193 0.176 0.334
RCullisc,e (cen/acen) 0.87/0.79 0.83/0.79 0.91/0.87
Phasing powerc,f (cen/acen) 0.86/1.26 0.87/1.23 0.57/0.78
Figure of meritc,g 0.456 (0.868)
Refinement Statistics
Total reflections/test set 25782/1756 (6.7%) 19520/1342 (6.8%)
Rwork/Rfree (%) 21.7/24.4 21.3/23.9
Rms deviations from ideality
Bonds (A˚) 0.007 0.007
Angles (deg) 1.472 1.765
a Values for the highest resolution shell are given in parentheses.
b Rsym  	hkl|I(hkl)  
I(hkl)|	hkl(hkl) where 
I(hkl) is the mean of the symmetry equivalent reflections of I(hkl).
c Statistics obtained from the mlphare program.
d Riso  	|FPH  FP|/	FP where FPH refers to the heavy atom structure factor and FP to the native structure factor.
e Rcullis  	||FPH  FP|  FHcalc|/	|FPH  FP|, values for centric and acentric reflections are given.
f Phasing power  	|FH|/	||FPHobs|  |FPHcalc||
g The value in parentheses is the figure of merit after phasing and solvent flipping in the program Sharp.
N-ethylmaleimide. Three of the disulfide bonds ob- C100/C105 disulfide bond to the vicinity of the active
site.served in the structure correspond to three pairs of con-
served cysteine residues with distinct functions as de- The FAD cofactor is held between helices 2 and
3 in a bent conformation with the isoalloxazine andfined by mutational studies (Frand and Kaiser, 2000).
Mutation of either C352 or C355 completely inactivated adenine rings buried in the protein. Through this pack-
ing, the isoalloxazine ring system is presented to theEro1p and prevented oxidation of the Ero1p protein it-
self, implying that the C352/C355 pair is required for active-site cysteines (Figure 3C). The ribityl 5 phos-
phate (on the FMN portion of the FAD) contacts H231,Ero1p to generate disulfide bonds. Mutation of either
C100 or C105 largely but not completely inactivated whereas the AMN ribose 5 phosphate may be associ-
ated with R260 but is largely solvent exposed. The riboseEro1p and impaired the formation of Ero1p-PDI mixed
disulfides, implying that the C100/C105 pair is involved ring is also largely solvent exposed, and the adenine
ring is sandwiched between H231 and R267. Two mu-in disulfide transfer to PDI. Finally, mutation of C90 or
C349 did not impair Ero1p activity but did increase, by tants that impair Ero1p function have changes at or near
H231: in the temperature-sensitive mutation ero1-1, gly-about 2-fold, the amount of Ero1p found in a mixed
disulfide with PDI and the PDI-related protein Mpd2p. cine 229 is mutated to serine, and in the DTT-hypersensi-
tive mutant ero1-2, histidine 231 itself is mutated toImportantly, the agreement between the disulfide con-
nectivity of the crystal structures and the disulfide pair- tyrosine (Figure 4).
ing hypothesized on the basis of functional analysis indi-
cates that the crystal structures exhibit the correct Structural and Chemical Similarity between Ero1p
and Erv2ppairing.
The CXXCXXC sequence motif in other proteins can Ero1p and Erv2p both contain active-site cysteine pairs
in a CXXC motif adjacent to the isoalloxazine ring of anbind metal clusters (e.g., Jung et al., 2000), and it was
previously suggested that this motif in Ero1p might play FAD molecule. Superposition of the two enzymes, using
their isoalloxazine rings as an anchor, revealed that foura similar role (Pollard et al., 1998). However, using optical
emission spectrometry, we were unable to detect any helices in Ero1p align with the helical bundle that consti-
tutes Erv2p (Figure 5). Although the spatial orientationmetal specifically associated with Ero1p (our unpub-
lished data), and each of the cysteines in this motif of these four helices is similar in the two proteins, the
order of the helices in the primary structures is different.participates in disulfide bonds in the crystal structures.
The first CXXCXXC cysteine, C349, is almost 14 A˚ away Helices1, 2,3, and4 in Erv2p correspond to helices
2, 7, 8, and 3 of Ero1p, respectively, with a root(sulfur-to-sulfur distance) from the C352/C355 cysteine
pair, which forms a disulfide bond in the first turn of the mean square deviation for C positions of 1.9 A˚ (see
Experimental Procedures). The sequences of these four-8 helix, a local conformation that is shared by the active
sites of thioredoxin-like proteins. The C90/C349 disul- helix bundles are highly conserved within each family,
but no clear similarity at the primary sequence levelfide bond tethers the flexible loop that contains the
Structure of Ero1p
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Figure 3. Structure of Ero1p
(A) Stereo view of Ero1p with  helices repre-
sented as cylinders and  strands as arrows.
Secondary structure elements are numbered
from N terminus to C terminus, corresponding
to Figure 1. Side chains of cysteine residues
are shown in space-filling representation and
the FAD cofactor in gold ball-and-stick repre-
sentation.
(B) The same view of Ero1p is shown in rib-
bons representation and colored in a gradient
from purple (N terminus) through magenta to
white (C terminus). (A) and (B) were generated
with the programs molscript and raster3d
(Kraulis, 1991).
(C) The cysteine residues are numbered ac-
cording to their positions in the full-length
Ero1p sequence, with the active-site cysteine
pair indicated in boldface. This figure was
prepared using the program Ribbons (Car-
son, 1997).
could be detected between Ero1p and Erv2p, even when (Dym and Eisenberg, 2001). The FAD in Ero1p is interme-
diate between these two extremes, with the isoalloxa-the sequences of the four helical segments were ar-
ranged so that they are in the same order for both pro- zine and adenine rings separated by about 12 A˚ from
one another. The rings of two amino acid side chainsteins. Moreover, the structural similarity between the
three helices that occur in the same order in Ero1p and (W200 and H231) stack between them. Remarkably, the
FAD conformation found in Ero1p is almost identical toErv2p was not sufficient to be selected by the Dali fold
recognition server (Holm and Sander, 1998). that of the FAD in Erv2p (Figure 6). However, the helices
that sandwich the FAD in Erv2p are the first and fourthTypical conformations of enzyme bound FAD molecules
are “extended” (such that the isoalloxazine and adenine in the four-helix bundle, whereas, in Ero1p, they are the
third and fourth.rings are separated by about 20 A˚) or “U-shaped” (such
that the isoalloxazine and adenine rings are in contact) We examined the Ero1p and Erv2p residues that con-
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Figure 4. Enzyme-FAD Contacts
Contacts made by the Ero1p-c protein to the FAD cofactor are
shown in a schematic diagram. Dashed lines indicate putative hy-
drogen bonds or salt bridges, and double-headed arrows represent
stacking interactions between amino acid side chains and ring sys-
tems in the FAD.
tact the FAD cofactor. These positions are among the
most highly conserved in each family. Besides the active
site CXXC motif, only the two residues W200 and H231
have the same identity and chemical/structural role in
Ero1p and Erv2p. Furthermore, these residues are uni-
versally present in the Ero1p and Erv2p families, includ-
ing the QSOX subfamily of thiol oxidases, in which the
small Erv2p-like domain is contained within a much
Figure 5. Comparison of the Ero1p and Erv2p Structureslarger, multidomain protein (Hoober et al., 1999). H231
(A) The four-helix bundles common to Ero1p and Erv2p are showncontacts the AMP phosphate of the FAD and stacks
end-on to illustrate their topological differences. The sun shape
against the adenine ring. W200 stacks between H231 marks the position of the active-site disulfide bond in each protein,
and the isoalloxazine ring and is in position to make a which involves C121 and C124 at the N terminus of helix 3 in Erv2p
hydrogen bond to a ribityl hydroxyl in the FMN portion and C352 and C355 at the N terminus of helix 8 in Ero1p. Colors
indicate helices that occupy similar positions in the two proteins,of the FAD. Within an FAD binding fold family, the most
regardless of their order in the primary structure.highly conserved positions are typically those that bind
(B) Four helices in Ero1p are colored according to the topologythe oxygen atoms of the pyrophosphate moiety, whereas
diagram in (A).
the residues that contact the adenine and isoalloxazine (C) One Erv2p protomer is shown with helices colored according to
are often less highly conserved (Dym and Eisenberg, the topology diagram in (A). Only the disulfide bond from the C-terminal
2001). Nevertheless, a glycine residue in Ero1p occupies tail of the second subunit in the Erv2p dimer is added to illustrate
its position relative to the active site.the position of the arginine residue of Erv2p that con-
tacts the ribityl 5 phosphate, indicating that, in Ero1p
and Erv2p, the set of residues that contact the phos-
phate groups of the FAD molecules is not as similar the FAD are quite similar, the two structures differ from
each other in the regions through which electrons mostas the set of residues that contact the adenine and
isoalloxazine rings. likely exit the FAD. The surface of the Erv2p enzyme
has a short but clear channel leading directly to the N5
nitrogen of the FAD and lined with hydrophobic resi-Access of a Small-Molecule Electron Acceptor
to the Active Site dues. These characteristics and the correspondence of
its diameter to the size of an oxygen molecule makeAlthough the structures of the regions of the Ero1p and
Erv2p proteins through which electrons flow to reach this channel suitable for being the pathway for oxygen
Structure of Ero1p
607
Figure 6. FAD Binding Sites of Ero1p and Erv2p
Residues involved in aromatic ring stacking with the FAD are shown in ball-and-stick representation and numbered according to the full-
length sequence of each enzyme.
to the flavin. Despite our observation that Ero1p-c con- displaced by 5.5 A˚ (Figure 7). The solvent accessibility
of the C100 sulfur atom differs significantly betweensumes oxygen in the presence of reducing agents, the
Ero1p-c crystal structures do not reveal a comparable these two conformations (22 A˚2 in the structure corre-
sponding to the P62 crystal form and only 7 A˚2 in thechannel or any other clear path for oxygen to gain access
to the isoalloxazine ring of the FAD. The region of the structure from the C2221 form) as calculated using the
program Areaimol (Lee and Richards, 1971). In contrast,Ero1p polypeptide that covers the route to the N5 nitro-
gen comprises the invariant E186, which arises from the the C105 sulfur is almost entirely buried in both cases
(2 vs. 0 A˚2). In the P62 crystal form (the “out” conforma-highly conserved NPERFTGY sequence at the junction
between the loop face and helix 2. The lack of a clear tion), the distance between the C atoms of C105 and
C352 is approximately 13 A˚, whereas, in the C2221 crys-oxygen channel in the Ero1p-c crystal structures sug-
gests that there may be a gating mechanism to allow tal form (the “in” conformation), these atoms are sepa-
rated by about 7 A˚. In the “in” conformation, changingaccess of molecular oxygen to the active site (e.g., Lario
et al., 2003). the cysteine rotamers allows the two sulfur atoms to
approach within about 4 A˚ of one another, compared toThe differences between Ero1p and Erv2p with re-
spect to the structures that control the entrance of oxy- a sulfur-sulfur bond distance of about 2 A˚ for a disulfide
bond. Interestingly, the C100/C105 pair was suggestedgen to the active site are notable, since Erv2p is re-
stricted to using oxygen as a substrate, whereas Ero1p to accept electrons from PDI and funnel them to the
active-site disulfide C352/C355 (Frand and Kaiser,can apparently use other electron acceptors, as judged
by the requirement for Ero1p for oxidative protein folding 2000). Formation of an electron transfer intermediate
disulfide between C352 and C105 starting from the “in”in vivo even under anaerobic conditions (Cuozzo and
Kaiser, 1999; Tu et al., 2000). It is also intriguing that
the kinetic behavior of Ero1p in the consumption of
oxygen differs from that of Erv2p. Apparently, sharing
of a four-helix bundle structure, a similar FAD conforma-
tion, and similarly positioned active-site cysteine resi-
dues is not sufficient to ensure an identical underlying
kinetic mechanism. Finally, the structural differences
around the oxygen channel, or lack thereof, may be
significant, because the Erv/ALR family of enzymes cou-
ples oxidation of cysteine thiols to the reduction of O2
to H2O2 (Raje and Thorpe, 2002), whereas in vitro assays
of O2-dependent Ero1p activity have failed to detect
stiochiometric formation of H2O2 (Tu and Weissman,
2002). It seems likely, however, that any H2O2 generated
would be unstable in the presence of free thiols (Raje
and Thorpe, 2002), which are present in such reactions,
and the issue of the products of the Ero1p versus Erv2p
reaction cycles must be explored more thoroughly.
Disulfide Shuttling Loops
Figure 7. Flexibility of the C100-C105 Loop
Comparison of the Ero1p structures derived from the
The two crystal forms of Ero1p-c are superposed and viewed in thetwo crystal forms revealed a striking degree of flexibility
vicinity of the active site and shuttle disulfides. A ribbon trace of
in certain key regions. The loop containing the C100/ the backbone from the P62 crystal form is shown in red. The ribbon
C105 disulfide bond adopts two conformations differing trace from the C2221 crystal form is in blue. Disulfide bonds are
shown in yellow.by as much as 17 A˚, with the cysteine sulfur atoms
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conformation would require a minor rearrangement of formation/transfer reactions. We have demonstrated
that both the Ero1p and Erv2p structures have a rigidthe backbone of the C100/C105 loop, a movement
smaller in scale than that already surmised by compari- CXXC disulfide bond adjacent to a stably bound cofac-
tor, and both possess a secondary dicysteine motif on ason of the two static structures available. The flexibility
in the C100/C105 region may solve the steric problem flexible segment of polypeptide, despite the observation
that these features are present in helical bundles ofof how this loop can interact alternately with PDI and
the Ero1p active site. An attractive further possibility is different size, topology, and quaternary structure. The
bacterial disulfide-forming enzyme DsbB, which per-that PDI has evolved to most readily react with incom-
pletely folded nascent chains and that the relatively dis- forms a function analogous to that of Ero1p, has been
shown by mutational and biochemical studies to alsoordered state of the Ero1p segment bearing the C100/
C105 disulfide may mimic other PDI substrates and thus undergo an internal disulfide transfer reaction. Within
DsbB, the cysteine pair C41/C44 becomes oxidized byfacilitate disulfide transfer from Ero1p to PDI.
We previously proposed a role for a CGC motif in the reaction with the bound quinone. This disulfide bond is
then transferred to the cysteine pair C104/C130 beforecarboxy-terminal region of Erv2p as an electron shuttle
between substrate dithiols and the enzyme active site being transferred to the thioredoxin-like protein DsbA
(Kobayashi and Ito, 1999; Kadokura and Beckwith, 2002;(Gross et al., 2002). In different crystal forms of Erv2p
or in different molecules in the crystal asymmetric units, Grauschopf et al., 2003). Although DsbB is a polytopic
intregral membrane protein and appears to use athe carboxy-terminal tail containing the CGC was seen
in alternate conformations. One conformation allowed stacked hydroquinone-benzoquinone pair instead of
FAD as a cofactor (Regeimbal et al., 2003), it seemsmodeling of a mixed disulfide between a tail cysteine
and an active-site cysteine on the opposite subunit in likely that DsbB employs the same basic mechanism of
oxidation of cysteine thiols by a bound cofactor andthe dimer by changing only the cysteine rotamers and
without moving the protein backbone. In the second internal transfer from one thiol pair to another as the
eukaryotic oxidases of the Ero1 and Erv/ALR families.comformation, the carboxy-terminal tail is flipped away
from the symmetry-related subunit and is more accessi-
ble to solvent. The displacement of the tail disulfides Experimental Procedures
between the two conformations is approximately 8 A˚.
There are two differences between the apparent shut- Protein Expression and Purification
A conserved region from the Saccharomyces cerevisiae ERO1 genetle disulfides in Ero1p and Erv2p. First, the Ero1p shuttle
(coding for amino acid residues 55–424) was inserted into the pGEX-disulfide is on an internal loop rather than near a chain
4T1 expression vector (Amersham Pharmacia Biotech). To assist interminus as in Erv2p. Although the Ero1p C100/C105
protein purification, a sequence coding for a His6-tag was added todisulfide-containing loop is tethered at both ends to the the 5 oligonucleotide. The resulting construct was transformed into
protein core, due to the length of this loop, its range of Origami B(DE3)pLysS (Novagen) cells. Transformants were grown in
M9-ZB medium containing 0.4% (w/v) glucose, 100 mg l1 ampicillin,motion may actually exceed that of the Erv2p tail. A
and 30 mg l1 chloramphenicol. Cultures were grown at 35C to ansecond difference is that the Ero1p mobile disulfide and
optical density of A600  0.7  1.0. Additional M9-ZB (1:10 of theactive-site disulfide are in the same molecule rather than
original culture volume) was added, and ampicillin and FAD wereon opposite protomers in a dimer as in Erv2p. However,
added to final concentrations of 200 mg l1 and 10 M, respectively.
biochemical and genetic data indicate that at least some Isopropyl--D-thiogalactoside (IPTG) was added to the cultures to
of the Ero1p in the cell may function as a dimer. Disul- a final concentration of 0.5 mM, and the cultures were shaken for
an additional 5–7 hr at 28C. Cells were harvested by centrifugation;fide-linked dimers of Ero1p can be trapped in the ER of
resuspended in lysis buffer (50 mM potassium phosphate bufferyeast cells, and partial intragenic complementation can
[pH 8.0], 300 mM sodium chloride, and 10 mM imidazole) supple-be observed between mutants missing the essential
mented with protease inhibitors (200 M phenylmethylsulfonyl fluo-C352/C355 disulfide pair and mutants missing the C100/
ride [PMSF], 2 g/ml leupeptin, and 1 g/ml pepstatin A); and lysed
C105 disulfide pair (C. Sevier and C.A.K., unpublished by sonication. To remove cell debris, the resulting lysate was centri-
data). Both of these observations indicate that the C352/ fuged for 10 min at 13,500 rpm, and the supernatant was collected
and gently mixed with Ni-NTA beads (Qiagen) at 4C for 2 hr. TheC355 disulfide pair of one Ero1p subunit may in some
protein:bead mixture was collected by centrifugation, loaded intocases be transferred to the C100/C105 disulfide pair of
a column, and washed with four volumes lysis buffer and four vol-a different subunit.
umes low phosphate buffer (20 mM potassium phosphate buffer
[pH 6.8], 350 mM sodium chloride). To alkylate the free thiol, 10 mM
General Implications for Disulfide Bond N-ethylmaleimide was added to the protein:bead mixture and incu-
bated at room temperature for 20 min in the dark. The column wasFormation/Transfer Reactions
washed with four volumes lysis buffer and eluted with an elutionBiochemical and mutagenesis studies have uncovered
buffer (50 mM potassium phosphate buffer [pH 8.0], 300 mM sodiumthe theme of interdomain or intersubunit disulfide trans-
chloride, and 300 mM imidazole). The eluted protein was appliedfer in the mechanisms of eukaryotic disulfide-forming
to a PD-10 column (Amersham Pharmacia Biotech) that had been
enzymes. The importance of a secondary dithiol motif, preequilibrated with phosphate buffered saline solution (PBS, 140
in addition to the active site CXXC motif, has been dem- mM sodium chloride, 2.7 mM potassium chloride, 10 mM disodium
hydrogen phosphate, and potassium dihydrogen phosphate [pH 7.3]).onstrated in Erv1p (Hofhaus et al., 2003), Erv2p (Gross
The protein was then mixed gently overnight with glutathione beadset al., 2002), and the QSOX enzymes (Raje and Thorpe,
(Amersham Pharmacia Biotech). The protein:bead mixture was col-2003). The Ero1p-c structure, in particular the proximity
lected by centrifugation and loaded into a column, which wasof the C352/C355 and C100/C105 disulfide bonds, sug-
washed with four volumes PBS and four volumes thrombin cleavage
gests that transfer of a disulfide bond within a single buffer (100 mM Tris-HCl, 2.5 mM calcium chloride, and 25 mM so-
domain, from a rigid active-site CXXC to a flexible shuttle dium chloride). Thrombin (Sigma) was added to the protein:bead
mixture (40 units plus 40 units after 45 min), the eluted proteindithiol, also conforms to the paradigm of disulfide bond
Structure of Ero1p
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was collected, and PMSF was added. The cleaved protein was again replacement to solve the orthorhombic crystal form. No residues in
the final model for either crystal form are in disallowed regions ofapplied to Ni-NTA beads and mixed gently at 4C for 2 hr. The protein
was eluted (as previously described), loaded onto a PD-10 column Ramachandran space, with the exception of Ala 157 and Ala 161 in
the structure from the C2221 crystal form. These residues are in apreequilibrated with low phosphate buffer, and applied to a hydroxy-
apatite column. The protein was eluted with increasing concentra- poly-alanine segment that marks the approximate pathway of the
poor electron density in the region spanning residue 153 to residuetions of potassium phosphate buffer (pH 6.8), dialyzed against 25 mM
sodium chloride and 10 mM Tris-HCL (pH 8.0), and concentrated 161, and the phi/psi angles in this part of the model are not reliable.
by centriprep (Amicon). The concentration of the purified protein
was 14 mg ml1, as determined spectroscopically at 280 nm in 6 M Comparison of Ero1p and Erv2p
The program lsqkab was used to calculate the rmsd for comparableguanidine-HCl and 10 mM phosphate buffer (pH 6.5), assuming an
extinction coefficient of 57,750 M1 cm1. All protein concentrations helices in the two enzymes. The segments selected were Erv2p helix
1 (residues 12–25) and Ero1p helix 2 (residues 193–206); Erv2preported throughout this manuscript were determined similarly.
Erv2p was prepared as described (Gross et al., 2002) but was not helix 2 (residues 35–51) and Ero1p helix 5 (residues 333–349);
Erv2p helix 3 (residues 55–68) and Ero1p helix 6 (residues 353–cleaved with thermolysin.
366); and Erv2p helix 4 (residues 75–93) and Ero1p helix 3 (resi-
dues 220–238).Oxygen Consumption Assay
Consumption of oxygen was measured using a Clark-type oxygen
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